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Germ cells are the only cells that transmit genetic information to the next generation, and they therefore must be prevented from differentiating inappropriately into somatic cells 1 . A common mechanism by which germline progenitors are protected from differentiation-inducing signals is a transient and global repression of RNA polymerase II (RNAPII)-dependent transcription 1 . In both Drosophila and Caenorhabditis elegans embryos, the repression of messenger RNA transcription during germ cell specification correlates with an absence of phosphorylation of Ser 2 residues in the carboxy-terminal domain of RNAPII (hereafter called CTD) 2 , a critical modification for transcriptional elongation 3 . Here we show that, in Drosophila embryos, a small protein encoded by polar granule component (pgc) is essential for repressing CTD Ser 2 phosphorylation in newly formed pole cells, the germline progenitors. Ectopic Pgc expression in somatic cells is sufficient to repress CTD Ser 2 phosphorylation. Furthermore, Pgc interacts, physically and genetically, with positive transcription elongation factor b (P-TEFb), the CTD Ser 2 kinase complex, and prevents its recruitment to transcription sites. These results indicate that Pgc is a cell-type-specific P-TEFb inhibitor that has a fundamental role in Drosophila germ cell specification. In C. elegans embryos, PIE-1 protein segregates to germline blastomeres, and is thought to repress mRNA transcription through interaction with P-TEFb [4] [5] [6] [7] . Thus, inhibition of P-TEFb is probably a common mechanism during germ cell specification in the disparate organisms C. elegans and Drosophila.
pgc RNA, a component of the Drosophila germ plasm 8 , has been implicated in the repression of CTD Ser 2 phosphorylation in early pole cells 9, 10 . However, the mechanism underlying pgc-mediated transcriptional repression has been unknown. Initial characterization of its nucleotide sequence suggested that pgc RNA acts as a non-coding RNA 8 . Nevertheless, we have noticed that an AUG triplet, beginning at nucleotide 117 of the 0.7-kilobase (kb) transcript, is in a favourable context to serve as a translation initiation site 8 . Completion of the Drosophila genomic sequence revealed an error in our original manual sequencing in a region where a strong stem structure can form (an additional C exists between nucleotides 178 and 179). In the revised pgc sequence, the open reading frame (ORF) beginning at nucleotide 117 is capable of encoding a 71-amino-acid polypeptide (Fig. 1a) . We found that this polypeptide sequence is *These authors contributed equally to this work. 1 Laboratory for Germline Development, RIKEN Center for Developmental Biology, Kobe, Hyogo 650-0047, Japan. Supplementary Fig. 2 ). conserved in 12 Drosophila species for which genomes have been sequenced (Fig. 1a) , although no homologous sequences have been identified in other animal groups, even in dipteran insects.
Antibodies raised against the 71-amino-acid polypeptide showed immunoreactivity in wild-type pole cells, but not in pole cells lacking pgc (Fig. 1b, c) . The signals were first detected in pole cells at stage 4, when pole cells are formed. Although pgc RNA is detectable in pole cells until mid-embryogenesis 8 , the Pgc immunoreactivity in pole cells dropped markedly at stage 6. We did not detect the Pgc signal in somatic cells. These dynamic patterns of Pgc expression suggest that pgc RNA translation and Pgc protein stability are regulated. Notably, double staining of wild-type embryos for Pgc and CTD phosphorylated at Ser 2 (pSer 2) revealed that the Pgc expression in pole cells was complementary to pSer 2 (Fig. 1b) .
To investigate the function of pgc in repressing CTD Ser 2 phosphorylation, we generated pgc D1 , a chromosomal null for pgc ( Supplementary Fig. 1 ). Homozygous or hemizygous pgc D1 females were fertile, and embryos from pgc D1 mothers (hereafter termed pgc Fig. 2 ). Consequently, about 80% of the pgc -embryos developed into sterile adults. These defects were rescued by the expression of intact pgc RNA, but not a frame-shift version of pgc RNA (pgc ORF fs ), during oogenesis ( Fig. 1c and Supplementary Figs 2 and 3 ). We next made hybrid transgenes in which the pgc ORF was fused with the nanos (nos) or germ cell-less (gcl) 39 UTR, which contains RNA localization signals that mediate accumulation in the germ plasm. Expression of these fusion genes during oogenesis in pgc D1 hemizygotes promoted Pgc expression in early pole cells and repressed CTD Ser 2 phosphorylation (Fig. 1c) . Pole cell death was also rescued in these embryos (Supplementary Fig. 2 and data not shown), which developed into fertile adults. These results indicate that Pgc protein is essential for the repression of CTD Ser 2 phosphorylation in pole cells When Pgc was misexpressed at the anterior of the blastoderm embryos, CTD Ser 2 phosphorylation and zygotic expression of a hunchback (hb)-lacZ reporter was repressed in somatic cells where ectopic Pgc was detected ( Fig. 2 and Supplementary Fig. 4 ). Furthermore, Pgc expression in Drosophila S2 cells repressed CTD Ser 2 phosphorylation ( Supplementary Fig. 5 ). These results demonstrate that Pgc can prevent CTD Ser 2 phosphorylation even in somatic cells, and further suggest that the target of Pgc action is a general component of the RNAPII-dependent transcription machinery.
Positive transcription elongation factor-b (P-TEFb) is responsible for CTD Ser 2 phosphorylation in vivo 3,11-13 , making it a candidate Pgc target. Drosophila P-TEFb consists of a kinase subunit, Cdk9, and To misexpress Pgc at the anterior somatic cell region, a hybrid gene, in which the pgc ORF was fused with the bicoid (bcd) anterior localization signal, was expressed in oogenesis. In embryos expressing pgc-bcd 39 UTR mRNA, CTD Ser 2 phosphorylation was repressed in regions expressing ectopic Pgc (arrowheads). Many embryos (50-80%) expressing the pgc ORFbcd 39 UTR transgene died with variable defects, but we never observed a bicaudal phenotype, suggesting that anterior misexpression of Pgc is incapable of recruiting germ plasm components required for posterior development. and CycT, but not Cdk7, were co-immunoprecipitated with Pgc from the lysates of S2 cells expressing 33Flag-Pgc. b, Lysates of y w or pgc -embryos expressing the flag-pgc transgene were immunoprecipitated with anti-Flag antibody, and bound proteins were analysed by western blotting. c, P-TEFb was overexpressed in pole cells by expressing cycT-nos 39 UTR and cdk9-nos 39 UTR transgenes in oogenesis. Overexpression of P-TEFb in pole cells caused precocious CTD pSer 2 phosphorylation (magenta), even in the presence of Pgc expression (green). This precocious CTD pSer 2 phosphorylation was strongly induced when P-TEFb was overexpressed in the pgc D1 heterozygous background.
a regulatory subunit, Cyclin T (CycT) [13] [14] [15] . Supporting a link between P-TEFb and Pgc, both Cdk9 and CycT were co-immunoprecipitated with 33Flag-Pgc from S2 cell lysates, but another CTD kinase, Cdk7 (a component of TFIIH that preferentially phosphorylates CTD Ser 5; ref. 3) , was not (Fig. 3a) . A reciprocal immunoprecipitation also confirmed a specific interaction between Pgc and P-TEFb (Supplementary Fig. 6 ). To examine their interaction in pole cells, we used a Flag-tagged pgc transgene that fully rescued the pgc D1 mutant. Lysates from pools of embryos enriched for stages 4-5 were immunoprecipitated with anti-Flag antibody. Cdk9 and CycT were specifically co-immunoprecipitated with Flag-Pgc from the lysates of the transgenic embryos but not from control lysates (Fig. 3b) . RNase treatment of lysates did not affect the Pgc-P-TEFb interaction (Fig. 3a, b ). These results demonstrate that Pgc forms a complex with both CycT and Cdk9.
Pull-down assay showed that maltose-binding protein (MBP)-Pgc fusion protein, but not control MBP, interacted with the P-TEFb complex in vitro (Supplementary Fig. 7a ). To examine which subunit of P-TEFb interacts with Pgc, in-vitro-synthesized Cdk9 or CycT was individually tested for pull-down assay. Cdk9, but not CycT, was specifically pulled down by MBP-Pgc ( Supplementary Fig. 7b, c) , indicating that Cdk9 alone is sufficient for the direct interaction with Pgc in vitro. Taken together, these results suggest that Pgc can form a ternary complex with Cdk9 and CycT.
To investigate the significance of the interaction between Pgc and P-TEFb in vivo, we overexpressed P-TEFb in pole cells. Although overexpression of P-TEFb failed to induce CTD Ser 2 phosphorylation in pole cells at stage 4, when Pgc expression is highest (Fig. 1b) , it caused precocious CTD Ser 2 phosphorylation in a few pole cells at stage 5 (Fig. 3c) . Furthermore, precocious CTD Ser 2 phosphorylation was strongly induced when both transgenes were expressed in the pgc D1 heterozygous background (Fig. 3c) . Many pole cells in these embryos degenerated during embryogenesis, and the gonads often included few or no pole cells (Supplementary Table 1 ). The overexpression of P-TEFb in pole cells promoted the ectopic expression of somatic genes that are misexpressed in pgc -pole cells (Supplementary Fig. 8 ) 9, 10 . By contrast, no ectopic expression of even skipped (eve) or fushi tarazu (ftz), which are not misexpressed in pgc -pole cells 9 , was detected in P-TEFb-overexpressing pole cells (data not shown). Thus, overexpression of P-TEFb in pole cells mimics pgc mutant phenotypes in a pgc dosage-dependent manner. These data demonstrate that Pgc represses CTD Ser 2 phosphorylation in pole cells by interfering with P-TEFb action.
Pgc alone was unlikely to inhibit the kinase activity of P-TEFb, as MBP-Pgc, which interacted with P-TEFb in vitro ( Supplementary  Fig. 7 ), did not affect CTD phosphorylation by P-TEFb in an in vitro kinase assay (Supplementary Fig. 9 ). The recruitment of P-TEFb to paused promoter regions is crucial for the productive elongation of most nascent transcripts 13 . We therefore examined the effects of Pgc expression in salivary glands on the distribution of P-TEFb. In control polytene chromosomes, Cdk9 and CycT co-localized at numerous sites, which were also positive for pSer 5, a marker for active transcription 3 (Fig. 4a ), indicating that P-TEFb is recruited to active promoter regions as reported 16 . By contrast, when Pgc was expressed in salivary glands, the P-TEFb signals on the polytene chromosomes were severely decreased; instead, P-TEFb was mostly detected on the cell debris (arrowheads in Fig. 4a ). Western blot analysis showed that Pgc expression caused an ,40% reduction in the level of pSer 2, whereas the levels of Cdk9 and CycT were virtually unchanged (Fig. 4b) . Pgc expression in salivary glands also caused a reduction in the levels of pSer 5 (to ,65%), similar to the effects of RNA-interference-mediated cdk9 knockdown in Drosophila larvae 17 . These results suggest that Pgc sequesters P-TEFb and prevents its recruitment to active promoters.
We next examined the effects of Pgc expression on the recruitment of P-TEFb to transcription sites by chromatin immunoprecipitation (ChIP) assay. Consistent with previous reports 12, 18 , heat-shock treatment promoted the rapid recruitment of CycT and Cdk9 to the Hsp70 and Hsp27 gene regions in control S2 cells (Fig. 4c ). By contrast, Pgc expression caused a significant reduction in the levels of both CycT and Cdk9 on these genes after heat shock ( Fig. 4c ; P , 0.01). RNAPII distribution on these gene regions was not significantly affected by Pgc expression ( Fig. 4c; P . 0.4) , similar to the effects of P-TEFb inactivation in Drosophila cells 12 . These results support the idea that Pgc represses CTD Ser 2 phosphorylation by inhibiting the recruitment of P-TEFb to transcription sites. P-TEFb is a key regulator of RNAPII-dependent transcription of most cellular genes 3,13-15 as well as HIV-1 transcription and replication 13, 19, 20 . In mammals, P-TEFb is inhibited by the 7SK RNA-HEXIM1 complex, which suppresses the Cdk9 kinase activity and prevents P-TEFb from binding to transcription templates 12, [21] [22] [23] [24] . Pgc acts through an analogous-but not identical-mechanism, as Pgc alone failed to inhibit the kinase activity of P-TEFb in vitro (Supplementary Fig. 9 ). Furthermore, 7SK RNA is unique to vertebrates 13 , and the Pgc-P-TEFb interaction is RNase insensitive (Fig. 3a, b) . We speculate that additional Pgc-like P-TEFb inhibitors may exist in somatic cells. In C. elegans germline blastomeres, PIE-1 is proposed to prevent CTD Ser 2 phosphorylation through interaction with CycT 6, 7 . Thus, P-TEFb seems to be a common regulatory target for the repression of mRNA transcription during germ cell specification in both flies and nematodes. Despite their analogous functions, Pgc and PIE-1 are unrelated in sequence and therefore must have arisen independently in evolution. This is consistent with the hypothesis that germ cell specification by the maternally inherited germ plasm evolved independently among diverse animal groups 25 . The inhibition of somatic transcriptional programmes is also crucial for the establishment of mouse germ cells, which are specified through an epigenetic mechanism 1, [26] [27] [28] . Whether P-TEFb is targeted in mammalian germ cell progenitors as well will be an interesting question in the future.
METHODS SUMMARY
Fly strains and transgenic constructs. The fly strains used in this study are described in FlyBase, unless otherwise noted. rF139 is a homozygous-viable P[ry 1 PZ] insertion that is located ,13 kb distal to the 59 side of the pgc locus and was obtained from the Berkeley Drosophila Genome Project (BDGP). Imprecise excision of the rF139 transposon generated a line (pgc #1 ) in which an ,15-kb genomic region containing the entire pgc locus was deleted. The pgc #1 chromosome also has the deletion of an essential gene, gp150, which was subsequently rescued by introducing an ,17.5-kb genomic fragment containing the gp150 locus, thus generating pgc D1 , a chromosomal null for pgc and T3dh (Supplementary Fig. 1 ). pgc cDNA was amplified by PCR and cloned into pUASP to generate UASP-pgc cDNA. UASP-pgc ORF fs contains a 2-base deletion at the fifth codon. The full-length nos and gcl 39 UTRs and the EcoRV/StuI fragment of the bcd 39 UTR region 29 were used to create chimaeric gene constructs. Immunostaining and in situ hybridization. Immunostaining and in situ hybridization of embryos were performed using standard procedures. To detect Pgc and pSer 2 signals, the vitelline membranes of fixed embryos were hand peeled, as the reactivity of these antibodies was found to be sensitive to methanol, which is generally used for devitellinization. Salivary glands from climbing thirdinstar larvae cultured at 27 uC were fixed in 2% paraformaldehyde (PFA) in PBS containing 0.1% Triton-X100 for 30 s followed by 45% acetic acid/1.85% PFA for 5 min before being squashed onto coated microscope slides. Polytene chromosomes were pre-treated with PBS containing 0.1% SDS for 10 min before antibody staining. The specificities of newly raised anti-Cdk9 and anti-CycT antibodies were examined by western blot analyses of lysates from S2 cells depleted of Cdk9 or CycT by RNA interference (Supplementary Fig. 10 ).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
